; nevertheless, the Mayo, Russe, and Herbert classifications are in common use in clinical practice, and many authorities believe they are helpful for determining treatment options and providing prognostic information. The first two classifications are based on anatomical planes of the scaphoid, whereas the Herbert classification defines stable and unstable fractures. 1, 2, 11 Thus, the Herbert classification may be particularly helpful when determining treatment options. The type A Herbert classification fracture is a stable acute fracture, and a type B is an unstable acute fracture. Stable fractures include fractures of the tubercle (A1) and an incomplete fracture of the waist (A2). These fractures can potentially be
Introduction
Scaphoid fractures are commonly seen in young, healthy individuals and may occur as a result of a fall on the outstretched arm or a forced dorsiflexion injury of the wrist. 1, 2 Because fractures may disturb the scaphoid's tenuous blood supply, the healing process may be compromised. Osteonecrosis is said to occur in 13%-50% of cases of fracture of the scaphoid, and the incidence of osteonecrosis is even higher in those with involvement of the proximal one-fifth of the scaphoid. 1, [3] [4] [5] The blood supply of the scaphoid is primarily from the radial artery via the artery to the dorsal ridge of the scaphoid, whose branches enter the scaphoid via foramina at the dorsal ridge at the level of the waist of the scaphoid. 4, 6 Subsequently, these vessels divide and run proximally and palmarly to supply the proximal pole of the scaphoid. 4 Other branches provide 20%-30% of the treated nonoperatively. 
Diagnosis and treatment of acute scaphoid fractures
The diagnosis of a scaphoid fracture can sometimes be difficult to establish, as patients may have normal radiographs early in their clinical course. Most patients demonstrate tenderness over the anatomic snuff box or over the distal scaphoid tubercle, pain with longitudinal compression of the thumb, and limited range of motion and pain at the end arc of motion, especially with flexion and radial deviation. [11] [12] [13] Reduced grip strength may be noted. [11] [12] [13] However, it is important to note that not all patients have pain over the scaphoid even with a welldefined fracture seen on radiographs. 11 Overall, sensitivity is quite high for the clinical examination, although specificity approaches only 74%-80%. 12, 13 Radiographic evaluation of the scaphoid is useful for determining if an acute fracture is present. A lateral radiograph is important in this regard, as it should demonstrate a co-linear capitate and radius, with the pisiform located between the distal pole of the scaphoid and the body of the capitate. This allows one to evaluate carpal alignment and distal radioulnar joint alignment. Classically, patients with clinical findings suspicious for scaphoid fracture but negative initial radiographs were treated with 2 weeks of cast immobilization followed by repeat examination and radiographic studies, with the idea that the time delay allows bony resporption adjacent to the fracture site to occur, making the fracture visible. 11, 14 Although this remains an accepted treatment option, it may result in unnecessary immobilization, with adverse effects upon return to work and the need for repeat radiographs, clinical examinations, and splint or cast changes. [15] [16] [17] Alternative imaging techniques may be useful for diagnosing a fracture, and magnetic resonance imaging (MRI) is superior to repeat radiographs for detecting an occult scaphoid fracture. 18 Bone scans are sensitive but not specific for diagnosing a scaphoid fracture. 19 Bone scintigraphy has demonstrated 100% sensitivity and 98% specificity for a scaphoid fracture compared with approximately 65%-70% sensitivity for plain radiography. 7, [20] [21] [22] [23] [24] MRI is considered by many to be the gold standard for detecting scaphoid fractures, with sensitivity approaching 95%-100% and specificity approaching 100%. [25] [26] [27] In addition, one may identify alternative pathology to explain the wrist pain. It is important to recognize that nonunion occurs in up to 12% of patients if an occult fracture is not defined and not immobilized. However, treatment (splinting and casting) can lead to loss of work and economic implications. 16, 17, 19 The cost of time off from work, serial casting, and office visits easily outstrip the cost of an MRI or computed tomography (CT) scan for definitive diagnosis. 16 Brooks et al. 15 investigated the cost-effectiveness of MRI for diagnosing suspected scaphoid fractures in a randomized controlled trial involving 28 patients. Those who underwent MRI had a shorter duration of immobilization, decreased use of health care resources, but increased cost to treat when compared to patients who were randomized to the non-MRI group, in which patients were immobilized and evaluated by serial clinical and radiographic examination. Cost per day of unnecessary immobilization between the groups was $44.37. However, these costs do not take into account absenteeism from work and leisure activities. 15 Pillai and Jain 17 reported a needless immobilization rate of >80% when all clinically suspected scaphoid fractures with negative radiographs were immobilized in the traditional treatment algorithm. They found that only 6.7% of the 90 initially radiographically negative wrists actually had a scaphoid fracture, and 10 additional patients had other injuries of the wrist not involving the scaphoid. 17 The findings suggest that the cost of needless immobilization, with further clinical and radiographic studies, would have exceeded early alternative investigations, such as MRI or bone scan, which frequently were ultimately required anyway. 17 Thorpe et al. 28 reported on a series of 59 patients with clinical symptoms suggestive of scaphoid fracture but in whom radiographs were negative. All underwent MRI, bone scintigraphy, and clinical follow-up. The clinical follow-up was deemed to be the gold standard for diagnosis. Clinically, 4 scaphoid fractures, 10 other fractures, and 3 significant ligamentous injuries were identified. All scaphoid fractures were identified by both MRI and bone scan; however, MRI was noted to have better interobserver agreement and fewer false positives. Likewise, other sources of pathology could be diagnosed on MRI, such as a ligamentous injury or carpal instability, whereas these findings were not diagnosable by bone scan. The authors further noted that the costs were similar. 28 In a study comparing the sensitivity and specificity of MRI and bone scintography for diagnosis of occult scaphoid fractures, 43 patients with wrist trauma and normal radiographs underwent MRI and bone scans an average of 19 days after injury. Of these 43 patients, 6
(14%) ultimately were diagnosed with a scaphoid waist fracture. The patients were followed for >1 year after injury. MRI was noted to be more sensitive for detecting an occult scaphoid fracture, with fewer false positives than the bone scans. 29 Dorsay et al. 16 investigated the cost-effectiveness of early MRI to detect occult scaphoid fractures. They noted that 75% of patients with clinical evidence of a scaphoid fracture would be immobilized unnecessarily if they were treated by the standard follow-up with repeat radiographs following immobilization. The cost differential between standard follow-up and MRI was small. 16 The questions that often arise are when should you prescribe MRI and how early can you detect a fracture in the scaphoid? It is possible with modern MRI technology to detect a fracture within 4-6 h; however, owing to most hospitals' scheduling situations, obtaining an MRI examination at 36-48 h is a common goal. Again, MRI may demonstrate an occasional false-positive but rarely results in a false-negative examination. CT scanning is also a useful technology for diagnosing scaphoid fractures and can help determine nonunion or incomplete union, and it is helpful when planning for surgery to determine the intrascaphoid angle and elements of scaphoid collapse. It is not as accurate, however, as MRI for diagnosing an acute, occult fracture. It is helpful to remember that most patients with a suspected scaphoid fracture have not actually injured the scaphoid and that casting for no fracture just to present a conservative treatment modality results in overtreatment at the expense of office visits, radiographs, and lost work. MRI can give a relatively quick answer. A technetium bone scan is sensitive but false-positive findings can occur in patients with arthrosis or prior or concurrent injury. MRI tends to produce fewer false-positives, can pinpoint the location of the fracture more precisely, and can identify alternative diagnoses. Bone scans rarely miss a scaphoid fracture but require a delay in performing the test; they often do not adequately elucidate alternative diagnoses. MRI is at least as sensitive and more specific, involves less radiation exposure, and may allow one to diagnose alternative problems. 15 A suggested algorithm, therefore, in a patient with wrist trauma is to obtain three radiographic views of the wrist, anteroposterior (AP), lateral, and oblique. If a scaphoid fracture is identified on the radiographs, a CT scan can be then obtained for surgical planning. If the radiographs are negative or equivocal, a limited MRI examination of the wrist is then obtained to determine the presence or absence of a scaphoid fracture. If needed, a CT scan can also be obtained after MRI to help plan for surgical treatment.
A question arises whether operative versus nonoperative treatment is indicated for scaphoid fractures. The reason to consider operative treatment is that immobilizing the patient for 12 weeks is typical for scaphoid fractures, and in more proximally located fractures it may be much longer. 3, 11, 30, 31 Although few studies in the literature have documented the consequences of long-term cast immobilization, clearly it can result in significant stiffness that may require a significant rehabilitation period; moreover, some studies have suggested a poorer outcome following prolonged immobilization. 30, 22, 32 In addition, union rates are higher with operative management, approaching 95% or more in most series of all types of scaphoid fracture. 30, [33] [34] [35] Multiple series have documented satisfactory outcomes and minimal complications with surgical management using percutaneous fixation of scaphoid fractures. 1, 30, [35] [36] [37] [38] [39] [40] [41] [42] [43] Several studies have looked at surgery versus casting for acute fractures. Those who underwent surgical management with percutaneous screw placement demonstrated better range of motion at the wrist, earlier time to union (7 weeks vs. 12 weeks with casting), earlier return to work, and minimal differences in the two groups with respect to outcomes and satisfaction at the final followup. Importantly, no increased complication rate related to surgical treatment was observed. 30, 44, 45 It appears, therefore, that percutaneous treatment of acute scaphoid fracture has a low morbidity rate and in the hands of an experienced surgeon does not result in a higher complication rate than nonsurgical treatment. 1 In a meta-analysis of scaphoid nonunion that reviewed 1121 articles, 36 of which met criteria for inclusion in this review, data were obtained for 1827 scaphoid nonunions. 46 When patients with avascular necrosis of the proximal pole were evaluated, union rates were 88% with vascularized bone grafting versus 47% with a standard graft. 46 In addition, those who had no postoperative immobilization were demonstrated to have the same union rate as those who were immobilized for >6 weeks postoperatively. 46 This study therefore lends support for immediate screw fixation and mobilization of the wrist versus prolonged cast treatment. Proximal pole fractures, however, remain a difficult treatment dilemma. Up to one-third of these fractures may result in nonunion even with appropriate immobilization. Several studies demonstrated good results with early surgical intervention, and it appears that a careful dorsal approach does not injure the blood supply.
Authors' preferred approach to acute scaphoid fractures
When considering overall treatment options, it is perhaps best for all proximal pole and displaced scaphoid fractures to be treated with surgery. The vascularity of the proximal pole can be determined preoperatively with MRI. Acute fractures may demonstrate normal or decreased T1-weighted MRI intensity and increased T2 intensity.
11 Nonunion and impaired vascularity is often seen with low T1 and T2 marrow signal intensity, which may correlate with poor healing. 11, 47, 48 Some series, however, have failed to find a correlation with preserved vascularity of the proximal pole and successful outcome of surgery. 49 
Scaphoid nonunions
Despite optimal therapy, nonunion or malunion may ensue. Treatment of the established scaphoid nonunion requires consideration of patient and nonunion characteristics. Because the bony attachments of the dorsal intercarpal ligament and the dorsal scapholunate ligament are maintained when setting a fracture of the proximal one-third of the scaphoid, these fractures rarely demonstrate instability patterns such as dorsal intercalated segmental instability (DISI). Nonunion of a scaphoid fracture, however, can result in carpal malalignment and progressive radiocarpal arthrosis. 5, 8, 9, 11 The real effect of malunion, however, is less clearly defined. In a series of 160 scaphoid nonunions treated with internal fixation and bone grafting, of which 90% healed, failure to achieve union was related to a proximal fracture location, avascularity of the proximal pole, instability of the fracture, and delay to surgery. Importantly, residual flexion deformity of the scaphoid did not have an effect on the outcome. Therefore, malunion was not thought to be a contributing factor to a poor result. This study, however, demonstrated that the length of immobilization negatively affects the functional outcome. 50 In a smaller study of 26 patients with nonunions who underwent bone grafting for scaphoid nonunions, 13 patients ultimately had lateral intrascaphoid angles greater than 45°. However, excellent function and high patient satisfaction was noted at 11 years' follow-up, with clinical outcomes indistinguishable between the groups who had normal alignment and those with malunion. It was thought, therefore, that osteotomy and surgical treatment of a malunion is not indicated for most of the patients with healed scaphoid fractures. 51 The nondisplaced stable nonunion without degenerative changes (Mack-Lichtman type I) 8, 52, 53 may be treated with bone grafting with or without hardware. Nonvascularized autogenous bone graft from the distal radius or iliac crest may be sufficient, although vascularized bone grafting should be considered in the presence of an avascular proximal pole as determined by MRI or intraoperative findings. In addition, there is the caveat that if the initial bone grafting fails future surgery is less likely to be successful. 3, [54] [55] [56] The fracture site should be freed from fibrous nonunion or interposed tissue, and hardware may or may not be placed. Hardware placement provides additional stability but requires bony removal for placement. Kirshner wires may be used, but screw fixation may provide the advantage of compression of fracture fragments. Type II nonunions, which are unstable owing to fragment displacement, require one to address the nonunion and restore normal carpal stability to prevent the downward spiral from instability to collapse and arthritis. 8, 52, 53 A corticocancellous wedge bone graft may be harvested from the iliac crest to correct alignment. Because of the instability, these fractures require fixation.
Scaphoid nonunion with accompanying mild arthritis are classified as Mack-Lichtman type III. 8, 52, 53 Initial findings of radiocarpal arthritis include beaked changes to the radial styloid and narrowing of the joint space between the radius and scaphoid. Treatment includes addressing the nonunion as well as the arthritis. If the scaphoid can be salvaged, open reduction and internal fixation with bone graft are required. A radial styloidectomy may be performed if isolated radial styloid arthritis is present; 57 alternatively, excision of the distal scaphoid fragment may be performed if the scapholunate ligament is intact. 53, 58, 59 However, significant arthritis of the scaphoid fossa and radial styloid is a contraindication to scaphoid salvage, and proximal row carpectomy and four-corner fusion are options. [60] [61] [62] [63] [64] [65] [66] Mack-Lichtman types IV and V nonunions are those associated with midcarpal arthritis, without and with radiolunate arthritis, respectively. 8, 52, 53 They require partial or complete wrist arthrodesis for optimal treatment. 53, 67 In short, if degenerative arthritis is absent, and the carpus can be salvaged, one may consider bone grafting, either standard or vascularized, with or without internal fixation. However, if substantial degenerative arthritis is present, limited or complete wrist arthrodesis may yield a stable, painless result. Alternatively, proximal row carpectomy or anterior interosseous nerve (AIN) and posterior interosseous nerve (PIN) denervation neurectomy may be considered. Prior to surgery a trial of cast immobilization to simulate the fused wrist, or an AIN or PIN block may be helpful to clarify the possible effect of the desired procedure on the patient's symptoms.
Bone grafting
When the scaphoid is salvageable and bone grafting is attempted, one must consider the relative risks and benefits of nonvascularized or vascularized bone grafting. Nonvascularized bone grafting is probably sufficient for most waist fracture nonunions and those with preserved vascularity of the proximal pole. As noted previously, however, should standard bone grafting fail, future surgery is likely also to be unsuccessful. 3, [54] [55] [56] The benefits of vascularized bone grafting for scaphoid nonunion include preservation of the blood supply, primary bone healing, and maintenance of structural integrity. Therefore, consideration of vascularized bone grafting is wise, particularly in the setting of osteonecrosis and proximal pole nonunions. Recently the Mayo Clinic documented the outcomes and complications of vascularized bone grafting for scaphoid nonunion in a series of 52 nonunions in 51 patients. 68 Two patients (two scaphoids) were lost to follow-up, with 50 patients and 49 scaphoids available for review. In this study, the 1,2-intercompartmental supraretinacular artery (1,2-ICRSA) was used as a reverse-flow vascularized bone graft for scaphoid nonunion. 56, 69, 70 Previously published union rates for vascularized bone grafts in the scaphoid have ranged from 27% to 100%, although there are presently fewer than 10 such published studies in the literature with approximately 100 total patients.
In the Mayo Clinic study, there were 42 male patients and 9 female patients, with an average age of 23 years and a mean follow-up of 7.6 months. The nonunions were evenly divided between the proximal pole and the waist; and evidence of avascular necrosis was present in 24 scaphoids based on intraoperative surgical findings, MRI, and radiographs. Overall, 72% of the scaphoid fractures achieved union with vascularized bone grafting (36/50), and healing occurred at an average of 16 weeks (range 8-40 weeks). There was no change in carpal height from the preoperative to the postoperative radiographs. Factors adversely affecting the union rate included female sex (union rate: 30% vs. 82% in males); tobacco use (union rate: 81% in nonsmokers vs. 46% in smokers), and proximal pole avascularity [48% union rate in the presence of avascular necrosis (AVN) vs. 91% in the absence of AVN]. The type of internal fixation also influenced the union rate. Simple K-wire fixation resulted in a 53% union rate, whereas screw fixation resulted in an 88% union rate. Likewise, the presence of collapse or deformity adversely affected union rates. Carpal collapse with formation of a humpbacked deformity was present in 50% of the failures versus 11% of patients who went on to union. Interestingly, in this series of patients, the fracture-dislocation did not affect the union rate, with waist fractures achieving 70% union and proximal poles achieving 72% union. Prior surgery resulted in a healing rate of 64% compared to 73% in those with no previous operations. Complications in this series resulted in three infections, three patients with graft extrusion, two patients with graft resorption, and four patients with progressive degenerative changes that required further operative therapy. Five patients underwent subsequent surgeries including AIN and PIN neurectomy (n = 2), repeat autologous bone grafting (n = 1), scaphoid excision with four-corner fusion (n = 1), and total wrist fusion (n = 1). 68 Notably, the union rate was 100% in cases of nonunion in which AVN was absent and which underwent the vascularized bone grafting procedure with screw fixation. 68 Two studies in the literature showed relatively low healing rates of 60% 54 and 27%, 71 respectively. In the study by Boyer et al., 54 10 proximal pole nonunions underwent vascularized bone grafting with a 60% union rate. The four failures occurred in patients who had previously undergone treatment with a bone grafting procedure, suggesting that prior surgery adversely affects the outcome of the 1,2-ICRSA bone graft. 54 In a second report by Straw et al., 71 22 nonunions underwent the 1,2-ICRSA bone graft with only a 27% union rate (n = 6). Altogether, 16 of these patients had AVN of the proximal pole, and the K-wires that were used for fixation were removed at 8 weeks regardless of union status. Of those 16 patients with osteonecrosis of the proximal pole, only 2 had union, a 12.5% union rate, compared to 4 of 6 (67%) in the patients with a preserved vascular supply to the proximal pole. 71 It could be concluded that a 1,2-ICSRA vascularized bone graft may not improve union rates in patients with significant AVN of the proximal pole fragment. 71 Patients who overall are poor candidates for vascularized bone grafting are those with carpal collapse and scaphoids with a large defect or excessive comminution of the proximal fragment. Likewise, patients with radiocarpal arthritis may have a more disappointing outcome. 56 These series and the recent study from the Mayo Clinic present less optimistic results than a prior study by Steinmann et al. in which a 100% union rate was achieved in 14 patients at a mean 11.1 weeks. 56 The reasons for this increased failure rate are not entirely clear. However, it probably relates to broader acceptance of the procedure with resultant expanded indications for use of this vascularized bone grafting technique. Additionally, there is enthusiasm and willingness to try everything, including a vascularized bone graft prior to performing a salvage type procedure. The limitations of this larger, more recent study relate to its retrospective nature and the multiple surgeons involved. Factors overall that are thought to be associated with failure of 1,2-ICSRA in scaphoid nonunion include female sex, tobacco smoking, proximal pole AVN, humpback deformity, comminuted proximal pole and use of a K-wire or no metallic internal fixation.
Conclusions
In the authors' opinion, operative fixation of scaphoid fractures is the treatment of choice in cases of acute fracture in which the fracture is clearly visible on plain film radiographs, as we believe this implies that the fracture is displaced. Several authors have demonstrated low morbidity and satisfactory outcomes following operative fixation. 1, 30, [35] [36] [37] [38] [39] [40] [41] [42] [43] The surgical time is minimal, morbidity is minimal, and complications are infrequent. In addition, acute treatment may result in decreased risk of nonunion.
When a patient with clinical symptoms suggestive of scaphoid fracture is evaluated, initial radiographs are obtained at the time of presentation. If a scaphoid fracture is readily identified on plain films, it represents displacement, and acute operative treatment is recommended, with our preference being percutaneous placement of a cannulated screw. If no fracture is seen, and clinical findings suggest a scaphoid fracture, a MRI scan should be performed. If MRI reveals a fracture, nonoperative treatment may be undertaken with a short arm thumb spica cast with the wrist in neutral position, immobilizing the thumb to the interphalangeal joint, unless the fracture is at the proximal pole. This is maintained for 6 weeks with a CT scan obtained at this time point. If the CT scan remains suggestive of an unhealed fracture, cast immobilization is maintained for an additional 6 weeks. The exception to this involves cases in which a fracture of the proximal pole is identified on MRI. In these cases, percutaneous operative fixation should be undertaken to lessen the chance of nonunion. After operative fixation, the patient is placed in a volarly based thumb spica splint. If the patient is unlikely to comply with postoperative activity restrictions, a short arm thumb spica cast is placed. If the patient is reliable, a removable splint may be provided. Activity is restricted to not lifting >2 pounds and no repetitive use; utilizing the hand for activities of daily living and personal hygiene only is allowed. At 6 weeks, a CT scan is obtained to evaluate for evidence of union. If evidence of healing, such as disappearance of the fracture line, spot welding between fragments, or callous formation is present, immobilization is discontinued, with gradual return to activities. The literature suggests that partial union is often present but usually progresses to full union without the need for additional immobilization. 72 If no evidence of healing is noted, immobilization is continued, with another CT scan obtained 4-6 weeks thereafter.
In the setting of an established scaphoid nonunion without significant arthritis, vascularized bone grafting with a technique such as the 1,2-ICRSA graft and fixation with metallic hardware, preferably a screw, is advised. When significant degenerative changes preclude scaphoid reconstruction, salvage procedures such as proximal row carpectomy, neurectomy, or limited or complete wrist arthrodesis are indicated.
In summary, scaphoid fractures are a common problem encountered in clinical practice. This article provides an algorithm for the diagnosis, evaluation, and treatment of scaphoid fracture and possible sequelae, including nonunion.
